Fractured shale formations are new potential target reservoirs for CO2 capture and storage (CCS) and provide several potential advantages over storage in saline aquifers in terms of storage capacity, leakage risk, and cost savings from brownfield development. We used a geospatial-optimization, engineering-economic model to investigate the sensitivity of integrated CCS networks in Ohio, Pennsylvania, and West Virginia to reductions in CO2 capture costs. These reductions in CO2 capture costs were based on hypothetical cases where technological innovation reduced CO2 capture costs. There were small differences in the spatial organization of the CCS deployment when the capture costs were reduced. We also found that the percent reduction in average cost of CCS systems became smaller as the CO2 capture costs were decreased.
Introduction
Shale formations that have been hydraulically fractured and depleted of oil and natural gas are potential target reservoirs for CO2 capture and storage (CCS). CO2 could be injected into the fractured shale, using the same wells that were used during fracturing and natural gas production, where the CO2 would fill the empty pore spaces that are vacated by the natural gas and sorb to the organic kerogen surfaces. The hydraulically fractured wells could be repurposed for CO2 injection after the natural gas production has tapered off, which typically occurs after approximately a decade [1] .
The physicochemical properties of shale provide several potential advantages for CO2 storage. The substantial increases in pore pressure that are of concern for CO2 storage in saline aquifers would not occur because the formation pressure drops during natural gas production. Also, the horizontally aligned bedding planes that are typically found in shale formations could minimize leakage of buoyant CO2. Finally, a substantial portion of the CO2 could permanently sorb to pore walls [2] and provide an additional decrease in the fluid pressure and a lower risk of leakage. A number of studies have estimated the theoretical storage capacity of shale formations because of their desirable physicochemical characteristics, and all generally conclude that the storage capacity of shale formations is large: on the order of 1 Mt CO2/well over a 20 year operating life [1] [2] [3] [4] [5] .
From an economic standpoint, there are advantages to using shale formations as reservoirs for CO2 storage. While CO2 storage sites for injection into saline aquifers are considered a greenfield development, storage using fractured shale formations can leverage existing knowledge of the formation, monitoring plans, and pipeline infrastructure and logistics where shale wells have already been located and operational. This brownfield operation in shale formations could reduce costs and ease the processes of permitting and obtaining pore ownership. Additionally, because subsurface activities are already occurring at these sites, landowners and communities may be more likely to accept CO2 storage in fractured shale. The well infrastructure that has been used to produce natural gas could also be leveraged to reduce costs.
Viability of CO2 Storage in Depleted Fractured Shale Formations
In our previous work [6] , we studied the viability of CCS in the region of Ohio, Pennsylvania, and West Virginia using fractured shale for CO2 storage to CCS using saline aquifers for storage. The region of Ohio, Pennsylvania, and West Virginia was selected due to the presence of both reservoirs as well as coal-fired power plants to serve as sources for CO2 capture. We found that integrated CO2 capture, transport, and storage systems that use fractured shale formations as storage reservoirs would be 6.4-6.8% ($5-10/tCO2) less expensive than systems that store equivalent amounts of CO2 in saline aquifers. The smaller estimated Areas of Review and less required infrastructure account for 60-99% of the difference in CO2 storage costs.
Opportunities from CO2 Capture Cost Reductions
CO2 capture costs typically account for roughly 90% of costs involved in CCS systems. The high cost of CO2 capture provides the most opportunity for technological innovation that can reduce these costs. Newer coal-fired power plants should be priorities for retrofit with CO2 capture because their higher operating efficiency results in a lower energy penalty and thus lower capture costs [7] . We conducted a network and cost sensitivity analysis to investigate the impact of lower capture costs on the CCS systems.
SimCCS
We used the scalable infrastructure model for CO2 Capture and Storage, SimCCS, to determine the costs and spatial arrangement of infrastructure for integrated CCS systems. SimCCS is a geospatial-optimization, economicengineering model that performs optimizations to minimize the total cost of CCS networks (i.e., capturing CO2 at sources, transporting CO2 via pipelines, and injecting CO2 into reservoirs) for a given CO2 capture target or a given CO2 price. The model uses a list of sources and sinks and their associated costs and capacities to simultaneously determine which CO2 sources and sinks should be deployed, how much CO2 should be captured and stored at each site, and the routes and capacity of pipelines for a CO2 transportation network [8] [9] [10] .
Data and Methods
We obtained data for the coal-fired power plants in Ohio, Pennsylvania, and West Virginia from the U.S. EPA Air Markets Program Data (AMPD) and the U.S. EPA Emissions & Generation Resource Integrated Database (eGRID) [11, 12] . These data include the location (latitude and longitude), nameplate capacity, generation, capacity factor, fuel type, plant efficiency, and CO2 emissions for each facility. The Integrated Environmental Control Model (IECM) [13] was used to estimate the fixed costs ($M), fixed operating and maintenance costs ($M/yr), variable operating and maintenance costs ($/tCO2), and the additional CO2 production from these power plants when CO2 capture and compression equipment is deployed. IECM performs cost, performance, and emissions analyses of coal-fired power plants based on user selections and inputs in addition to defaults based on standard values.
To estimate CO2 capture costs and capacities, the coal-fired power plants were modeled in IECM as using pulverized coal with a typical New Source Performance Standards configuration and in-furnace controls, hot-side selective catalytic reduction for NOx control, cold-side electrostatic precipitator for particulates control, and wet fluegas desulfurization for SO2 control. Table 1 below summarizes the values and settings we adjusted in IECM. The default IECM settings were used for all other parameters (e.g., ambient temperature and humidity, SO2 and NOx emission constraints, water cost, power requirements of steam cycle pumps, engineering fees). Capacity factor Plant-specific [11, 12] Gross electrical output Plant-specific [11, 12] 
CO2 Capture Cost Reductions
To examine the effect of lower capture costs that may be achievable after technological innovations in CO2 capture processes, we reduced the capture cost estimates from IECM by 75% and 50% of the capture cost estimates. These hypothetical reduced CO2 capture costs were used to investigate the sensitivity of the average cost of CCS and the spatial deployment of CCS to lower CO2 capture costs.
Estimated CO2 Storage Costs
We used the cost and capacity estimates for CO2 storage in fractured shale that were determined in our previous work [6] . These costs are applied to hubs from which distribution pipelines direct CO2 to existing individual shale wells.
Results and Discussion
The reduction of CO2 capture costs to 75% of their original estimated costs reduced the total costs of the system to 76.0% for CO2 storage in fractured shale reservoirs and 77.5% for CO2 storage in saline aquifers of the original total costs, on average over all of the storage rates. Similarly, reducing the CO2 capture costs to 50% of their original estimates reduced the total costs to 51.8% and 55.0% of the original costs, on average over all of the storage rates, for fractured shale storage and saline aquifer storage, respectively. For CO2 prices with positive storage rates, these changes increase the CO2 storage rate in fractured shale for each CO2 price by 11.4% (21.6%) on average for the 75% (50%) scenario, and the storage rate in saline aquifers by 13.5% (23.4%) on average for the 75% (50%) scenario.
As shown in Fig. 1 , storage of CO2 in fractured shale begins at a CO2 price of $80/tCO2 when the capture costs are 100% of the IECM estimates. When the capture costs are set at 50% of the IECM estimates, CCS in fractured shale is deployed at a price of $43/tCO2 for the same storage rate. Similarly, deployment of CCS in saline aquifers begins at a price of $87/tCO2 when the capture costs are 100% of the IECM estimates, but a price of only $48/tCO2 is needed for CCS deployment when the capture costs equal 50% of the IECM estimates. The first CO2 storage rate for saline aquifers is 33 MtCO2/yr, while the first CO2 storage rate for fractured shale is 17 MtCO2/yr. This is an indication of the greater costs required to establish a distribution hub for the saline aquifer. The marginal costs to establish and open a hub in saline is greater than that the marginal cost in fractured shale, so that cost is not incurred until there is a greater quantity of CO2 to be stored and the cost to emit the CO2 becomes higher. Since CO2 capture costs comprise a large portion of the estimated costs of the CCS system, reducing them increases the prominence of the costs of transportation and of storage in the SimCCS least-cost optimization. We expected that this leveling of costs would affect the spatial organization and patterns of CCS deployment because the results would not be driven as much by the locations of where CO2 can be captured most cost-effectively. Comparing the networks results from capture costs at 100% of the IECM estimates in our previous work [6] to Fig. 2 and Fig. 3 below, there are in fact only small differences in the spatial organization of the CCS deployment, with fewer differences occurring as the CO2 price increases. It is evident in panels (a), (b), (c), and (d) of Fig. 2 and Fig. 3 that much more CO2 can be stored at the selected CO2 prices when the capture costs are reduced, and the networks shown in these panels are larger than the networks from our other work [6] . As the CO2 price increases, the network size difference between the deployment of CCS with full and reduced costs becomes smaller. 
Conclusions
As CO2 capture costs decrease, the costs of transportation and of storage increase in prominence, resulting in a smaller percentage of reductions of the average cost. When the CO2 capture costs are reduced to 75%, the average costs of CCS systems that store CO2 in fractured shale are decreased by 24% and by 22.5% for CCS systems that store CO2 in saline aquifers. For comparison, when the CO2 capture costs are reduced to 50%, the average costs of the CCS systems that store CO2 in fractured shale decrease by 48% and the average costs of the CCS systems that store CO2 in saline aquifers decrease by 45%. There is a greater percent reduction in average cost for CCS systems that store CO2 in fractured shale versus CCS systems that store CO2 in saline aquifers due to the lower cost of storage in fractured shale.
Despite the fact that reduced CO2 capture costs decrease the importance of the location of CO2 sources in a costminimizing geospatial model, we found that the spatial deployment of CCS was relatively unaffected by the hypothetical reductions in CO2 capture costs. The spatial changes to the networks were therefore minor.
